Article abstract-Objective: The major aim of this study was to determine whether adults with persistent developmental stuttering (PDS) have anomalous anatomy in cortical speech-language areas. The major postulate was that anomalous cerebral dominance, reflected by anomalous cortical anatomy in various regions, may put an individual at increased risk for the development of stuttering. Methods: Adults with PDS (n ϭ 16) and controls (n ϭ 16) matched for age, sex, hand preference, and education were studied. Volumetric MRI scans were completed. Frontal (pars triangularis, pars opercularis) and temporo-parietal areas (planum temporale, posterior ascending ramus) were measured in the left and right hemispheres and interhemispheric asymmetries were computed. Gyral variants were assessed within these perisylvian cortical speech-language areas. Results: The right and left planum temporale were significantly larger in the adults with PDS (p ϭ 0.045), and the magnitude of the planar asymmetry was reduced (p ϭ 0.003). Some gyral variants were unique to the adults with PDS, including a second diagonal sulcus and extra gyri along the superior bank of the sylvian fossa. In addition, anatomic subgroups emerged based on sex and hand preference. Overall, the adults with PDS had significantly more gyral variants (mean ϭ 4.19) than controls (mean ϭ 1.31, p Ͻ 0.0005). Conclusions: These results provide strong evidence that adults with PDS have anomalous anatomy in perisylvian speech and language areas. No one anatomic feature distinguished the groups, but multiple loci within a widely distributed neural network differed between groups. These results provide the first evidence that anatomic anomalies within perisylvian speech-language areas may put an individual at risk for the development of stuttering.
The anatomic basis of stuttering has not been adequately studied, although there is evidence that adults with persistent developmental stuttering (PDS) have atypical activation and deactivation of brain regions, [1] [2] [3] [4] even under conditions of induced fluency. [5] [6] [7] [8] Despite the fact that atypical activation of specific brain regions has been found in adults with PDS, it has not previously been demonstrated that anatomic anomalies put individuals at risk for PDS. The only morphometry study in individuals with developmental dysfluency was a CT scan study of two left-handed siblings, which found atypical asymmetry of the occipital poles, possibly reflecting atypical planum temporale anatomy. 9 Although these findings suggested that atypical anatomy might exist in individuals who stutter, studies with larger samples have not been conducted. In addition, it is well known that left-handers are more atypical than right-handers, both behaviorally and anatomically. 10, 11 Because the confound of hand preference was not controlled in this prior study, 9 it is unclear whether the atypical anatomy was associated with left handedness or stuttering. In addition, CT scan measures are crude anatomic estimates; volumetric MRI is a more reliable and sensitive measure of brain anatomy that has proven helpful in identifying anatomic differences associated with other developmental language disorders such as dyslexia and specific language impairment. [12] [13] [14] [15] [16] [17] However, to date, volumetric MRI methods have not been applied to the study of developmental stuttering.
The major premise of this investigation was that anomalous cerebral dominance, reflected by anomalous cortical anatomy in various regions, may put an individual at increased risk for the development of stuttering. The foundation of this approach is the theory of cerebral laterality advocated by Geschwind and Galaburda, 18 who contend that anomalous domi-nance exists in about 30% of the population and that variations in cerebral laterality are associated with variations in cortical anatomy. They also speculated that atypical anatomy was associated with specific neurodevelopmental disorders. Postmortem and volumetric MRI studies support this notion, as atypical anatomy of frontal, temporal, and parietal cortical regions has been found in individuals with dyslexia and specific language impairment. [12] [13] [14] [15] [16] [17] There is evidence that sex and handedness influence the development of cortical asymmetry patterns, so that anatomic asymmetries may be reduced or reversed in women compared to men and in left-handers compared to right-handers. 10, 11 As studies have found a relatively higher number of males and left-handers among cases of developmental disorders 18, 19 with estimates of a male to female ratio of 4:1 and 6:1 in PDS, 20, 21 these relationships are important to consider.
The major aim of this study was to learn more about the neurobiology of stuttering by using in vivo MRI methods to study the anatomy of cortical speech-language areas in adults with PDS, and in a group of fluent controls matched for age, sex, hand preference, and education. Anatomic regions of interest (ROI) included 1) anterior cortical speech-language areas that comprise the classic Broca's area (pars triangularis [PTR] and pars opercularis [POP] ) and 2) posterior cortical speech-language areas including a portion of Wernicke's area (planum temporale [PT] ) and the parietal extent of the sylvian fissure (posterior ascending ramus [PAR] ). The major hypothesis was that adults with PDS would have more anatomic variation within cortical speechlanguage areas in comparison to healthy, fluent matched controls. Furthermore, there may be anatomic subgroups that emerge based on sex and hand preference. Atypical anatomy can be defined in several ways: 1) atypical size of the ROI within the left or right hemisphere, 2) atypical, reduced, or reversed interhemispheric asymmetries, 3) extreme asymmetry, and 4) aberrant gyral patterns.
Methods. Subjects. The sample included adults with PDS (n ϭ 16) and controls (n ϭ 16). Within each group there were 12 right-handers (9 men and 3 women) and 4 left-handed men. Left-handed women with PDS could not be located, so this group is not represented. The groups were matched for writing hand, sex, age (mean ϭ 31.72 years), and education (mean ϭ 16.48 years). Our sample contained the approximate sex and writing hand distribution as those reported in population studies of adults who stutter; thus, there were more men than women and more right-than left-handers. Our dysfluent sample was limited to adults with PDS who had been diagnosed with developmental stuttering before the age of 8 years and had undergone treatment at some point, but continued to be dysfluent. None of the subjects was taking centrally acting medications that could have resulted in PDS, and all met the clinical criteria of developmental stuttering-not acquired stuttering. Of the adults who stuttered, 50% had a family history of stuttering; none of the controls had a family history of stuttering. Stuttering severity was determined using the Stuttering Severity Inventory (SSI) 22 with individuals in the sample ranging from mild to severe. All participants were native English speakers with no reported history of dyslexia, specific language impairment, attention deficit disorder, traumatic brain injury, substance abuse, or other neuropsychiatric conditions. All participants gave informed consent before participating.
MRI scan acquisition. Volumetric MRI scans were acquired on a GE 1.5 Tesla Signa scanner (Milwaukee, WI) with a T1-weighted fast spoil gradient recall (FSPGR) sequence, as a gapless series of 124 contiguous sagittal images (1.5 mm slice thickness, field of view 240 mm, 10 degree flip angle, 1 excitation, 256 ϫ 256 pixel matrix). Measurements were performed on a Macintosh (Cupertino, CA) PowerMac computer using NIH Image 23 software and macros. All MRI datasets were assigned a blind number, and were realigned to correct for head rotation. One-half of the MRI scans were randomly selected and hemispheres were flipped (so that right and left were reversed). These formatting procedures were performed to assure that measurements were performed blind to group, sex, writing hand, and hemisphere. Reliability has been well established in our laboratory, with intraclass correlations of greater than 0.90 for each ROI. Inter-and intrarater reliability was established on the measurements described below in a subsample of controls before the formal experimental measurements commenced (intraclass correlation Ͼ0.90). All anatomic measures were done in the sagittal plane in real space with no warping of the images; orthogonal views were used to assist in the determination of landmarks/boundaries for the ROI. 24 Two experienced morphometrists (A.L.F. and A.M.B.) performed all of the anatomic and reliability measures (frontal regions, A.L.F.; posterior regions, A.M.B.). Judgments of gyral measures were subject to the same rigorous reliability assessments as the quantitative anatomic measures, with intra-and inter-rater agreement similar to the qualitative measures.
MRI measurements. General rules of measurement. Measurements were made by using a computer-guided cursor to trace the cortical surface, conforming to the topography of the gyrus, including the depth of the sulcus except when adjacent sulci were closely opposed. These methods have proven to be more reliable than tracing the graywhite border or following every surface irregularity. For each ROI, mean areas or volumes were calculated by summing lengths or areas, respectively, in successive sections and multiplying by slice thickness. Left and right hemisphere measures were computed for each anatomic area in each subject.
Quantitative measures. Frontal speech-language regions. Two frontal areas were measured: the PTR and POP (figure 1). The PTR, defined as Brodmann's area 45, is comprised primarily of heteromodal association cortex, is located within the inferior frontal gyrus, and constitutes a portion of the classic Broca's area. The anterior horizontal ramus defines rostral-inferior borders, whereas the anterior ascending ramus defines the posterior border, and the inferior frontal sulcus marks its superior boundary. [25] [26] [27] A measure of the PTR was obtained by tracing the surface area of the anterior horizontal ramus and the anterior ascending ramus on consecutive sagittal sections. Our PTR measure is an estimate of the full extent of this ROI, as measurements are made on contiguous images between 35 and 50 millimeters lateral to the midline, on seven to nine sections per hemisphere. These rami are not measured to the full extent of the lateral surface, as the largest portion of the triangular gyrus rarely extends to this surface and these rami become orthogonal to the plane of section, making the measure less reliable laterally. These methods have been described by our group in prior reports, 26, 28 are highly correlated with volumetric measures of this ROI, 28 and have been found to correlate with language dominance from Wada testing. 29 The POP, defined as Brodmann's area 44, is comprised primarily of motor association cortex, is located adjacent to the PTR within the inferior frontal gyrus in a more caudal direction along the length of the sylvian fissure, and constitutes a portion of the classic Broca's area. 25, 26 The anatomic POP boundaries include the anterior ascending ramus rostral-inferiorly, the inferior frontal gyrus superiorly, and the precentral sulcus caudally. Unfortunately, a measure that utilizes the precentral sulcus as the caudal extent of the POP has been found to be unreliable, as the precentral sulcus is usually discontinuous and only rarely connects to the sylvian fissure. In prior studies, the anterior subcentral sulcus has been designated as the caudal extent of the POP with good reliability, 26 and this method was used here. A measurement of the POP was made by tracing the anterior ascending ramus and the anterior subcentral sulcus in the same manner as described above for the PTR.
Posterior speech-language regions. Two posterior areas were measured: the PT and PAR (figure 2). The PT is comprised of auditory association cortex (Brodmann's area 22) and constitutes a portion of Wernicke's area. The PT is located along the temporal bank of the sylvian fissure, on the surface of the superior temporal gyrus, extending from the first Heschl's sulcus to the end of the horizontal portion of the sylvian fissure. 25, 30, 31 The endpoint of the horizontal sylvian fissure is demarcated by the bifurcation of the posterior horizontal ramus into an ascending component (PAR) and into a less constant posterior descending ramus. When these landmarks were not clearly demarcated, which occurs in about 15% of the hemispheres, usually due to a slow upward sloping of the sylvian fissure, a knife-cut method 30 was used to determine the endpoint of the PT. Thus, in these cases the junction of the PT and PAR was defined on lateral sections as the point at which a cursor following the plane of the temporal bank (i.e., horizontal sylvian fissure) intersected the parietal bank. These methods have been used to measure the PT on volumetric MRI scans acquired in the sagittal plane, 11, 16 and with three-dimensional reconstructions of the lateral hemispheres. 32 Our measurement techniques approximate those of others 33 except that the posterior descending ramus is not included in our PT measure. Our PT measures correlate with volumetric measures 16 and are similar to methods used on postmortem brains, 30 except that the current method measures the full volumetric extent of the PT from the insula fossa to the lateral surface. A similar method was used by our group in a study that found a significant correlation between PT asymmetries and language laterality identified by Wada testing 34 ; thus, this measure seems to have functional relevance. The PAR is comprised of heteromodal association cortex, and the gyral banks that surround the PAR constitute the supramarginal gyrus (defined as Brodmann's area 40). The PAR is defined as the vertical extension of the sylvian fissure into the inferior parietal lobe, and is measured from the endpoint of the horizontal sylvian fissure (i.e., posterior termi- nation of the PT) along its posterior wall to its termination in the inferior parietal lobule.Qualitative measures. PTR configuration. The PTR often has the shape of an inverted triangle, with the anterior horizontal ramus and anterior ascending ramus joining together to form the apex of the triangle. These two rami conform to one of four configurations that have been called "V," "U," "Y," and "J" type. 25, 26, 28 It is more common to see two distinct anterior rami that form the "V" configuration, or two more widely separated rami that form a "U" configuration. In the "Y" configuration, the anterior horizontal ramus and anterior ascending ramus join together with a common trunk. The "J" configuration is uncommon, with the more welldeveloped ascending portion formed by the anterior ascending ramus and a rudimentary anterior horizontal ramus.
Diagonal sulcus configuration. The diagonal sulcus is a secondary pseudosulcus that has been described as bifurcating the POP into a rostral and caudal segment. Variation in the morphology of the diagonal sulcus has been described in a sample of postmortem brains, 24 but a systematic study of diagonal sulcus morphology has not been conducted in a large sample of postmortem brains or in vivo using volumetric MRI methods. In the 25 postmortem brains studied, the diagonal sulcus was absent in the left hemisphere in 9 of 25, and was absent in the right hemisphere in 7 of 25. Four configurations have been described and were identified as follows: 1) diagonal sulcus branching directly from the horizontal sylvian fissure-Type 1, 2) diagonal sulcus branching from the anterior ascending ramus-Type 2, 3) diagonal sulcus branching from the stem of the PTR-Type 3, and 4) the diagonal sulcus merging with the precentral sulcus-Type 4. The frequency of these configurations was determined for all subjects in both hemispheres, and an absent diagonal sulcus was noted.
PT-PAR configuration. A number of classifications of PT and PAR morphology have been described. 16, 31, 33 Configurations of the angle formed by the PT and PAR include the more typical "L" and "T" shapes, and the less common "H" and "F" configurations. This classification scheme will be adopted.
Perisylvian gyri. The number of gyri or bulges along the superior bank of the sylvian fissure was assessed. Characteristic gyri exist along the superior bank of the sylvian fissure from anterior to posterior: pars triangularis, anterior motor, posterior motor, and parietal bulge (often a "W" shape). 24, 25 Thus, it was expected that four to five bulges should exist within this region (typical configuration). The number of gyri along the superior bank of the sylvian fossa was computed blindly, with extra gyri (total of six or more) considered atypical.
Statistical analysis. Quantitative measures. All analyses included some or all of the following independent variables: group, writing hand, sex, and hemisphere. Group (PDS or control), writing hand (left-handed or righthanded), and sex (male or female) were between-group variables. Hemisphere was a repeated-measures variable corresponding to anatomic measures of the left and right cerebral hemispheres. All relationships were analyzed with the PDS group compared to the group of matched controls.
Two dependent variables were examined in separate analyses: size and asymmetry quotients (AQ). AQ were computed using the equation
where L and R refer to left and right hemisphere size measures. Using this formula, a positive AQ reflects a larger left hemisphere structure, whereas a negative AQ reflects a larger right hemisphere structure. Various criteria have been used to designate symmetry, although in the current study AQ was used as a continuous measure in order to study group differences. AQ have been used, in part, to control for head size, to look at interhemispheric size differences, and to compare asymmetries of multiple ROI within subjects. 12, 16, 33 For size analyses, the independent variables side, writing hand, sex, and group (the latter only when the PDS group was compared to matched controls) were examined via mixed ANOVA. Because a single AQ represents both hemispheres, there were no repeated measures variables for AQ analyses and data were analyzed via betweengroup ANOVA with the independent variables writing hand, sex, and group. Given that we were unable to find any left-handed female participants with PDS, we were unable to include writing hand and sex as independent variables in a single factorial analysis. In order to examine these important relationships, each analysis was run twice: once with group, side (excluded for AQ analyses), and writing hand as independent variables, and then again with group, side (excluded for AQ analyses), and sex as independent variables.
Qualitative measures. For each ROI the qualitative measures were evaluated as described in the methods section. Each configuration was tabulated for the left and right hemisphere for each subject, and the number of atypical structural configurations was computed. Group differences in the frequency of atypical gyral variants were examined.
In order to determine whether group differences existed in the incidence of gyral variants, the frequency of atypical configurations was compared between the groups. Quantitative and qualitative measures were assessed. Quantitative measures included the following: PTR-AQ, POP-AQ, PT-AQ, and PAR-AQ. These asymmetries were considered atypical if the measure was reversed compared to the wellestablished directional asymmetries for specific ROI that have been reported in the literature. For example, for the PT, a typical measure would be a leftward AQ, and an atypical measure would be a rightward AQ. For the PAR, a typical measure would be rightward AQ, and an atypical measure would be leftward AQ. The presence of gyral variants was evaluated in two areas: diagonal sulcus and gyri within the superior bank of the sylvian fossa. Atypical diagonal sulcus variants included 1) the presence of an extra diagonal sulcus or double diagonal sulcus, 2) diagonal sulcus branching from the anterior ascending ramus, or 3) diagonal sulcus branching off the stem of the PTR. Individual subjects could have multiple diagonal sulcus variants and an atypical configuration could be found in the left and/or right cerebral hemisphere. Extra gyri within the superior bank of the sylvian fossa were considered atypical and could be found in the left and/or right hemisphere within subjects. Groups were compared via one-way ANOVA. No other significant main effects or interactions were detected for size measures and no significant effects for AQ measures were detected. Across all subjects, there was a slight leftward asymmetry of the POP (mean AQ ϭ ϩ0.082, SE ϭ 0.035). Although the POP AQ measure did not show any significant group differences, it is interesting that all subgroups by sex and writing hand had a mean leftward asymmetry, except the RH females with PDS who were more likely to have an atypical rightward POP asymmetry (AQ ϭ Ϫ0.077). This observation must be interpreted with caution, and needs to be re-evaluated in a larger sample, given the reduced power in these sex by hand subgroups due to the small sample size.
Results.
Posterior speech-language regions. Planum temporale. The mean PT size for the PDS group was significantly larger than that of the matched controls, F(1,28) ϭ 4.42, p ϭ 0.045. A larger PT was found in the left hemisphere (mean ϭ 530.77, SE ϭ 30) and right hemisphere (mean ϭ 499.25, SE ϭ 33) in the adults with PDS compared to controls (mean left PT ϭ 432.60, SE ϭ 38; mean right PT ϭ 385.22, SE ϭ 44). No other significant main effects or interactions were detected for size measures. Across all PDS subjects and matched controls there was a leftward asymmetry of the PT, mean AQ ϭ ϩ0.108 (SE ϭ 0.087). Although the majority of controls and adults with PDS had a leftward planar asymmetry, the magnitude of this asymmetry was significantly reduced in the adults with PDS, F(1,28) ϭ 10.66, p ϭ 0.003. As depicted in figure 3 , the reduced planar asymmetry resulted in a more symmetric PT in the adults with PDS.
Posterior ascending ramus. No significant main effects or interactions were detected for size or AQ measures. There was a rightward PAR AQ across all PDS subjects and matched controls, mean AQ ϭ Ϫ0.063 (SE ϭ 0.233).
Qualitative anatomic measures. Frontal speech-language regions. PTR configuration. Among control adults, the V shape was found 20 times in 32 hemispheres (63%). Among the adults who stutter, the V shape was found 16 times in 32 hemispheres (50%), a somewhat reduced rate compared to the controls. Of note, within the left cerebral hemisphere, the Y configuration was present six times in the adults with PDS, and only once in the control adults. In contrast, the Y configuration was found three times in the right hemisphere in the adults with PDS and two times in the controls.
Diagonal sulcus configuration. In the control adults, the diagonal sulcus was absent in the left hemisphere in 6 of 16 (37%), and was absent in the right hemisphere in 4 of 16 (25%). In the sample of adults with PDS, the diagonal sulcus was absent in the left hemisphere in 3 of 16 (19%) , and in the right hemisphere in 4 of 16 (25%). Thus, the overall absence of a diagonal sulcus differed only minimally between the groups. However, several group differences were found in the morphometry of the diagonal sulcus. First, a second diagonal sulcus was found 10 times in the adults with PDS: five times in the left cerebral hemisphere and five times in the right. This rare gyral variant was present bilaterally in three of the adults with PDS. In comparison, there were no controls with a second diagonal sulcus. The distribution of the types of configurations of the diagonal sulcus revealed that the Type 1 configuration was the most common type seen in the controls, occurring four times in the left hemisphere and five times in the right. In contrast, the adults with PDS had more variation in the types of configurations. Specifically, the Type 2 configuration, which was never seen in the controls, was observed five times in the left hemisphere and four times in the right hemisphere in the adults with PDS. In addition, the Type 3 configuration was found in only one control in the left hemisphere, but was observed five times in the left hemisphere and three times in the right hemisphere in adults with PDS. Figure 4 shows some of these
Figure 3. Distributions of planum temporale (PT) asymmetry by group asymmetry quotient distributions are depicted for the individual subjects in the control group and in the group of adults with persistent developmental stuttering (PDS). The figure shows how the asymmetries of the PDS group are reduced (i.e., more symmetric) in comparison to controls.
atypical diagonal sulcus configurations.
Posterior and perisylvian speech-language regions. PT-PAR configuration. There were no marked group differences in the frequency of the more typical "L" and "T" shapes, or the less common "H" and "F" configurations.
Perisylvian gyri. The number of gyri along the superior bank of the sylvian fossa was computed blindly, with extra gyri considered atypical. In our sample, no extra gyri were found in the control sample. In the PDS sample, extra gyri were found in the left hemisphere in 10 of 16 subjects (62%) and in the right hemisphere in 10 of 16 subjects (62%). Extra gyri were found bilaterally in 3 of 16 (19%) subjects. Figure 5 depicts the presence of extra gyri along the superior bank of the sylvian fossa, which was a distinct feature in the adults with PDS.
Group differences in the frequency of gyral variants. Cerebral gyral anomalies were observed significantly more often in the PDS group (mean ϭ 4.19, SE ϭ 0.58) than in the group of fluent controls (mean ϭ 1.31, SE ϭ 0.31), F(1,28) ϭ 19.10, p Ͻ 0.0005). Some distinct features were seen in men versus women and right versus left handers who stutter. All of the right-handed women who stutter had extra gyri along the superior bank of the sylvian fissure, but none had atypical planar asymmetry. In contrast, the majority of right-handed men who stutter (6 of 9) had extra gyri and atypical planar asymmetries (5 of 9). Left-handed men who stutter had atypical planar asymmetries, but rarely had extra gyri. Furthermore, five of nine right-handed men with PDS had a double diagonal sulcus. This unique unusual anomaly only occurred in one left-handed and one right-handed woman with PDS, and was never seen in a control.
Discussion. We found that anomalous anatomic configurations of perisylvian cortical speech-language areas are more common in adults with PDS. However, whereas atypical perisylvian anatomy may be a risk factor for speech dysfluency, no one anatomic feature accounted for the group differences.
Instead, multiple loci within a widely distributed neural network differed between the groups. There were three significant findings. First, the size and asymmetry of the frontal speech-language regions did not differ between the groups, but specific frontal gyral variants differed between groups. Second, the PT, a posterior cortical region, was larger in adults with PDS in comparison to the controls, and planar asymmetry was reduced in magnitude. Third, aberrant gyral patterns were more common in the adults with PDS, especially atypical morphology of the diagonal sulcus within the frontal operculum, and extra gyri along the superior bank of the sylvian fossa. Group size differences were only apparent in a posterior cortical language area, whereas qualitative differences in gyral morphology were more apparent within frontal regions.
The major quantitative anatomic finding was that PT size and asymmetry differed significantly between the groups. Both left and right PT size was significantly larger in the adults with PDS than controls, and planar asymmetry was reduced. The anatomy of the PT has been more extensively studied than any other anatomic area. This interest in PT anatomy is likely due to the pronounced magnitude and prevalence of this leftward asymmetry in healthy adults, and to the functional significance of this region. The left PT is comprised of auditory association cortex important in higher order processing of linguistic information, and is part of the classic Wernicke's area. Researchers have posited that the left PT may be the neuroanatomic substrate for language, and there is some evidence that there is a relationship between planar asymmetry and language laterality, 34 including the increased incidence of atypical planar anatomy in individuals with developmental language disorders. Although a consistent relationship among size, asymmetry, and function has not been established, anatomic studies of gross morphology presume that the anatomically "larger" region is probably functionally dominant relative to the homologous "smaller" region. However, extreme asymmetry in the expected direction or enlarged size may not always enhance function. 12, 16, 18 In addition, symmetry of a region that is typically asymmetric may be disruptive. [11] [12] [13] 18 It is interesting that in our sample of adults with PDS the PT was enlarged in the left and right hemisphere with the overall result being a reduced interhemispheric asymmetry. Thus, the PT was more symmetric in our adults with PDS. These findings may be functionally relevant, as there is some evidence that auditory systems may function anomalously in individuals with developmental stuttering. For example, it is well established that delayed auditory feedback enhances fluency in individuals who stutter, whereas a delay in auditory feedback makes fluent individuals dysfluent. 35, 36 Dichotic listening studies have shown that some individuals with developmental stuttering have anomalous auditory processing of linguistic information. 35 In addition, functional neuroimaging studies have found atypical activation within auditory temporal cortical areas, including Heschl's gyrus and the PT. [1] [2] [3] [4] [5] [6] [7] [8] There were group differences in gyrification patterns. An analysis of gyral variants revealed three important results: 1) the presence of extra gyri, 2) more variability in gyral patterns, and 3) increased frequency of gyral variants in the adults with PDS. First, extra gyri were commonly found in the adults with PDS, whereas extra gyri were rarely seen in the fluent adult controls. Extra gyri were found in two regions: the frontal operculum with particular differences in morphology of the diagonal sulcus and along the length of the superior bank of the sylvian fossa. Unique to the adults with PDS was the presence of extra gyri along the superior bank of the sylvian fossa. This anomaly was found in 14 of 16 adults with PDS, and was never seen in a control. Within the frontal operculum, the configuration of the diagonal sulcus was not only more variable, but the adults with PDS had some configurations that did not occur at all in the fluent adults. One unique feature was the presence of a second diagonal sulcus, which creates an extra gyrus within the POP. A second diagonal sulcus was found 10 times in the adults with PDS, and was present bilaterally in three individuals. The POP is often bifurcated by a single diagonal sulcus, but a second diagonal sulcus has not been previously reported. 24, 25 Two other atypical diagonal sulcus configurations were seen more often in the adults with PDS than in controls. These included the diagonal sulcus branching directly from the anterior ascending ramus and the diagonal sulcus branching from a common stem formed at the base of the pars triangularis. Overall, the adults with PDS had significantly more total anatomic variants compared to the controls, with an average of four atypical features, whereas controls averaged one atypical feature. The findings of unique morphologic variants and increased frequency of anomalies in adults with PDS suggest that anomalous anatomy may be a risk factor for the development of stuttering. Although speculative, the presence of these anomalous anomalies may affect function by disrupting the flow of information within these temporoparietal and frontal speech-language areas. These anomalies may reflect disorders in cell migration resulting from events during development, atypical periods of cellular proliferation or pruning, or may be linked to genetic or environmental factors. 37 Our findings demonstrate that "atypical" morphology within perisylvian speech-language areas may be adequate to support the development of language, but may put individuals at risk for developmental stuttering. Although the brain mechanisms that induce stuttering are not known, a motor control theory of speech production 38 advocates that there are two main nested feedback loops, an outer "linguistic" loop and an inner "phonatory" loop. Whereas the outer linguistic loop selects and monitors what speech sounds are made, the inner loop is involved with the motor programs of the vocal apparatus. Thus, stuttering can be modeled as a momentary instability in these systems when the timing between these two loops is interrupted. This two loop timing hypothesis is not anatomically based, but it has been suggested that the outer loop is mediated by perisylvian speech-language cortex and the inner loop by cortico-striatal-thalamo-cortical circuits. 39, 40 It has been suggested that in people who stutter, the outer loop is slowed relative to the inner loop. 38 Support for this hypothesis comes from the observation of the effects of delayed auditory feedback, which may slow the outer loop. As such, speech becomes more fluent in individuals who stutter, and normally fluent individuals will stutter. 35, 36 In addition, dopamine blockade and Parkinson disease, which may slow the inner cortical-basal ganglia loop, reduce stuttering in PDS. 40 Perhaps the anatomic aberrations we found in PDS induce stuttering because these anomalies reduce processing efficiency and thereby slow the "cortical loop."
Another goal of this study was to determine whether sex and writing hand systematically influence anatomy and whether distinct biologic subgroups emerged within the group of adults with PDS based on these subject variables. Our data indicated that sex and writing hand seemed to be systematically related to some perisylvian anatomic features. For example, the PTR was significantly larger in left-than right-handers, and the PTR and POP were larger in men than women. Although no significant interactions of group, by sex, by writing hand were found, some observations warrant comment. First, left-handed women were not evaluated in this study, as we were unable to locate any left-handed women with PDS. Although additional study is warranted, it may be that left-handed women are less likely to develop a persistent dysfluency. Second, the righthanded women with PDS were found to be the only subgroup with a reversed POP asymmetry. All the right-handed women who stutter had extra gyri along the superior bank of the sylvian fossa, but none had atypical planar anatomy. In contrast, most right-handed men who stutter had atypical planar asymmetry, a second diagonal sulcus, and extra gyri. Left-handed men who stutter had atypical planar anatomy, but rarely had extra gyri. These results, however, must be interpreted with caution given the small numbers of subjects in these subgroups. A male to female ratio of 4 -6:1 has been found in persistent stuttering and 2:1 in transient stutterers, and population studies estimate familial stuttering at 30 -40%. [19] [20] [21] Thus, genetic factors with sex-modified expression are likely to contribute to susceptibility. In addition, left-handers or "mixed" right-handers may be more susceptible to the development of stuttering than consistent right-handers. Therefore, issues of cerebral laterality, sex, and hand preference should be addressed in future morphometry studies. Given that stuttering is a neurodevelopmental disorder, patterns of maturation of the brain, hormonal influences, and developmental effects must also be evaluated in linguistically intact children and in children with genetic susceptibility for developmental stuttering.
Limitations of clinical-anatomic studies. Our approach to the study of biologic subtypes of developmental stuttering addresses how individuals with PDS differ from fluent controls on a variety of quantitative and qualitative anatomic measures. There are several limitations to this type of clinical-anatomic study. First, atypical asymmetries, altered size, or qualitative differences within anatomic speech-language regions do not necessarily confirm that these sites produce the symptoms, nor do these group differences affirm that any specific anatomic site represents the underlying defect in developmental stuttering, and other explanations are tenable. Rather, anomalous anatomy may be a risk factor for the development of stuttering. Second, because our sample matched the incidence of left-handedness in the general population, approximately 10%, the small number of left-handed subjects limited the degree to which the issue of hand preference could be addressed in relation to anatomic variation. However, our findings demonstrate that interactions of hand preference and dysfluency are important to consider. The same is true of sex-linked differences. The small number of women included in the study and the exclusion of left-handed women limits our ability to completely interpret the combined effects of sex and hand preference. If atypical configurations are risk factors for the development of stuttering, then it is important to determine if the individuals who stutter and have positive family history of stuttering differ from those who do not have a family history. The number of subjects with a family history of stuttering was small in our sample, so the issue of whether a positive familial history for stuttering contributes to the frequency of anatomic anomalies cannot be addressed. Given the sample size and variety of stuttering severity within the sample, there was also not enough power to determine whether stuttering severity can be linked to a specific anatomic configuration. Finally, the anatomic ROI and the boundaries of these regions have been extensively studied by our group and by others, but the precise functional extent of these rigidly defined anatomic regions may not completely overlap with the functional zones. Future studies may address these issues by using functional neuroimaging methodologies and postmortem studies to further investigate these relationships.
